To demonstrate localization of hyaluronic acid (HA) in articular cartilage of the human femur, biotinylated HAbinding region, which specifically binds HA molecules, was applied to the tissue. In sections fted by 2% paraformaldehyde-2% glutaraldehyde, HA staining was detected in lamina splendens and chondrocytes in the middle zone. By pretreatment with trypsin, intense HA staining appeared in the extracellular matrix of the deep zone and weak staining in the superficial and middle zones. Moreover, pre-treatment with chondroitinase ABC (CHase ABC) intensely enhanced the stainability for HA in the superficial and middle zones and weakly in the deeper zone. Combined pre-treatment
Introduction
The hyaluronic acid (HA)-binding region (HABR) of proteoglycans has been proven to specifically bind HA molecules (HeinegHrd and Hascall, 1974; Hardingham and Muir, 1972) and has been applied to detect HA in chick embryo, rat brain (Ripellino et al., 1985 (Ripellino et al., ,1988 , and rabbit articular cartilage and cornea (Asari et al., 1992a,b) .
Immunohistochemical and microbiochemical analyses have demonstrated that chondroitin sulfate (CS) and keratan sulfate (KS) are abundantly localized in the middle and deep zones of articular cartilage of several species (Asari et al., 1992a; Ratcliffe et al., 1984; Bayliss et al., 1983; Franzen et al., 1981; Maroudas et al., 1969; Stockwell and Scott, 1967) . We have previously shown the localization of HA in rabbit articular cartilage (Asari et al., 1992a) . HA is highly distributed in the chondrocytes and pericellular matrix located in the transition between the superficial and the middle zones after enzyme digestion with chondrotinase ABC (CHase ABC) or trypsin (Asari et al., 1992a) . In human articular cartilage, however, little is known about the precise localization of HA. A comparative Correspondence to: Akira Asari, Tokyo Research Inst., Seikagaku Corp., l i t e m 3-1253, Higashiyamato, Tokyo 207, Japan. of trypsin with CHase ABC abolished intra-and extracellular staining for HA in all zones. By microbiochemical study, the concentrations of HA and dermatan sulfate were high in the middle zone, whereas those of chondroitin sulfate and keratan sulfate were high in the deep zone. These results suggest that HA is abundantly synthesized in and secreted from the chondrocytes, particularly in the middle zone, whereas it is largely masked by proteoglycan constituents in the extracellular matrix. ( J Histochem Cytochem 42: KEY WORDS: Human articular cartilage; Hyaluronic acid; Hyaluronic acid-binding region; Enzyme digestion; Proteoglycans.
513-522, 1994)
study on the structures of hyaline articular cartilage has revealed significant differences in anisotropic organization, zone height, cell size, and matrix mass per cell between those of human and those of other animals (Hunzinker, 1992) . It may be important to examine whether these structural characteristics of human articular cartilage are associated with histochemical and biochemical characteristics of cartilage tissue. We therefore studied the precise distribution of HA in articular cartilage of the human femur, using biotinylated HABR. Moreover, to compare the distribution of HA with that of other glycosaminoglycans (GAGS), concentrations of HA, CS, KS, and dermatan sulfate (DS) in the articular cartilage were analyzed by microbiochemistry.
Materials and Methods

Subjects
Full-depth slices of normal articular cartilage were obtained from three male patients (19, 30, and 37 years old) during reconstructive surgery of the cmciate ligaments.
Preparation of Biotinyl'ated HABR
Biotinylated HABR was prepared from bovine nasal cartilage proteogly-cans (PGs) by affinity chromatography on immobilized HA according to the procedure of Tengblad (1979) .
Preparation of Cartilage for Biochemistry of GAGs After Enzymatic
Treatments. Cartilage slices (about 1 g wet weight) were fixed with 2% paraformaldehyde-2% glutaraldehyde buffered with 0.1 M phosphate buffer, pH 7.4, and cut at 5 pm with a cryostat. The sections were treated with 500 pl of trypsin, CHase ABC, or with a combination of the two enzymes, as previously reported (Asari et al., 1992a) . Then concentrations of HA and CS in both tissues and the incubation media ofthe enzymes were measured. Histochemistry without fiuation, others were fixed with 2%
Light
Some dices ofthe tissue were frozen at -8osc or 2% paraformaldehyde-2% glutaraldehyde buffered with 0.1 M phosphate buffer, pH 7.4, at 4-C for 4 hr and were frozen at -8O'C. The unfixed and fixed samples were sectioned at 5 pm with a cryostat. The sections of unfixed tissue were then fixed with an acetic acid-ethanol solution at 4% for 10 min. These sections were stained for HA, as previously reported (Asari et al., 1992a) . Briefly, the sections were incubated with biotinylated HABR (2 pg/ml) at 37°C for 1 hr, treated with a streptavidin-peroxidase solution (Nichirei; Tokyo, Japan), and stained for peroxidase with 0.03% 33'diaminobenzidine (DAB) and 0.02% H202 in 0.05 M Tris-HC1 buffer, pH 7.6, for 10 min.
Electron Microscopy. Cryosections fixed with 2% paraformaldehyde-2 % glutaraldehyde and processed for HA staining were used as electron microscopic samples for the pre-embedding method (Asari et al., 1992a) . Before incubation with biotinylated HABR, the sections were digested with CHase ABC (Seikagaku; Tokyo, Japan) in 100 mM sodium acetate buffer, pH 8, at 37'C for 1 hr and further fixed with 1% glutaraldehyde buffered with 0.1 M phosphate buffer, pH 7.4, for 10 min. After treatment with 0.03% DAB and 0.02% H202 in 0.05 M Tris-HC1 buffer, pH 7.6, for 10 min. the sections were post-fixed with 1% os04 for 10 min and embedded in Que-to1 812.
For the post-embedding method, cartilage slices fixed with 2% paraformaldehyde-2 % glutaraldehyde were dehydrated with graded glycomethacrp late and embedded in Quetol812 (Asari et al., 1992a) . Thin sections were cut with an ultramicrotome (Reichert-Nissei, Ultracut N) and mounted on nickel grids. After treatment with CHase ABC (pH 8) for 1 hr, the sections were incubated with biotinylated HABR (2 pg/ml) at 4'C for 48 hr and with streptavidin-colloidal gold (1:100, 10 nm) (Zymed; Burlingame, CA) at 4°C for 24 hr. The HA-stained sections were observed with a Hitachi H-7000 electron microscope.
Control Experiments. Control sections were pre-treated with hyaluronidase (HAase) derived form Streptomyces hydumfyticus (Amano Pharmaceutical; Nagoya, Japan) before the HA staining procedure, as previously reported (Asari et al., 1992a) .
Enzymatic Pre-treatments. In addition to the control study, staining of HA was also examined by pre-treatment with 0.1% trypsin (Type 111, bovine pancreas) (Sigma; St Louis, MO) in 0.05 M Tris-HC1 buffer, pH 7.6, at 37"C, with CHase ABC (pH 8), or with a combination of the two enzymes, as previously reported (Asari et al., 1992a) .
Image Analysis. The area density, which is the ratio of the HA-positive area to the area in each zone, was measured in each zone of the sections with pre-treatment by trypsin or CHase ABC. Each value obtained was the mean of three experiments. Statistical analysis was performed with Student's t-test.
Biochemistry
Preparation of Cartilage for Microbiochemistry of GAGS. Full-depth slices of articular cartilage were immediately frozen at -8O'C and serially sectioned at 10 pm in parallel to the articular surface with a cryostat. The serial sections were separated into three zones according to the depth from the articular surface: the superficial zone (0-150 pm), the middle zone (150-650 pm), and the deep zone (650-1850 pm). Concentrations of HA, CS, KS, and DS were measured in each zone. Statistical analysis was performed with Student's t-test.
Enzymatic Digestion of Cartilage in the Measurement of GAGS. After washing thoroughly with PBS, pH 7.2, to remove the Tissue-Tek, the cartilage sections were lyophilized and weighed. These specimens were digested with 2.5% (wlv) Actinase E (Kaken Pharmaceutical; Chiba, Japan) in 50 mM Tris-HC1 buffer, pH 8.6, at 55°C for 15 hr, and then the sample solutions were heated at 1OO' C for 5 min to inactivate the Actinase E activity. The samples were further digested with the following g l y c o s a m i n o g l y . For analysis of HA, 200 pl of each sample was digested with HAase derived from Streptomyces hyalurofyticus, which degrades only HA to unsaturated tetrasaccharide (ATetra-HA) and hexasaccharide (AHexa-HA) (Ohya and Kaneko, 1970) ; the digestion medium consisted of 2 TRU HAase dissolved in 20 PI distilled water (DW), 80 p1 of 100 mM sodium acetate buffer, pH 6, and 100 p1 DW, and the digestion mixture was incubated at 55% for 2 hr. After ultrafiltration with an Ultrafree C3GC system (molecular size cut-& 10,000; Japan Millipore, Tokyo, Japan), 300 pl of the ultrafiltrate (ATetra-HA and AHexa-HA) was incubated with 15 mU HAase SD (Seikagaku) dissolved in 30 p1 DW at 37'C for 2 hr; HAase SD degrades HA and chondroitin to unsaturated disaccharides (Hamai et al., 1989) . For the determination of the HA concentrations in the reaction medium after treatment of cartilage tissue with CHase ABC or trypsin, or with a combination of these enzymes, the medium was digested with the two types of HAases without pre-digestion with Actinase E. For analysis of CS or DS, 20 p1 of each sample was incubated with a digestion solution of 100 mU CHase ABC dissolved in 20 p1 DW, 80 p1 of 100 mM sodium acetate buffer, pH 8, and 280 pl DW. or with that of 100 mU chondroitinase AC-I1 (Seikagaku) dissolved in 20 pl DW, 100 mM sodium acetate buffer, pH 6, and 280 PI DW, at 37°C for 2 hr. For analysis of KS, 200 p1 of each sample was incubated with the mixture of 5 mU Keratanase-I1 (Seikagaku) dissolved in 50 pl DW, 80 pl of 100 mM sodium acetate buffer, pH 6, and 70 p1 DW, at 37°C for 48 hr. After digestion with the glycdoglyanases. these samples were ultrafiltered as described above, and the fdtrates obtained were analyzed by HPLC.
HPLC Analysis. Concentrations of HA, CS, KS, and DS in the articular cartilage were determined by analysis of disaccharides using high-performance liquid chromatography (HPLC) as previously described (Shinmei et al., 1992; Yoshida et al., 1989; Toyoda et al., 1988) . By HPLC, disaccharides in each sample were eluted by the gradient of 0-160 mM sodium sulfate for 40 min at a flow rate of 0.5 mllmin. To the eluent from the column, 50 mM sodium tetraborate buffer (pH 9) containing 10 mg/ml 2-cyanoacetamide was added at a flow rate of 0.5 mllmin, and the mixture was passed through a polyetheretherketone (PEEK) reaction coil (0.5 mm ID x 10 m) set in a dry reaction bath with thermostat at 140°C. The effluent was monitored by a spectrofluorometer set (model 820-FP; Japan Spectroscopic, Tokyo, Japan) at excitation 331 nm and emission 383 nm, and the area of each peak corresponding to each disaccharide of GAGs was calculated by an integrator (model 805-GI; Japan Spectroscopic). Final data were expressed as nmol/dry weight of tissues belonging to each zone.
Based on the following fact, the concentrations of each GAG were calculated: unsaturated disaccharides of chondroitin (ADi-OS) and HA (ADi-HA) are produced by CHase ABC (Yamagata et al., 1968 ) and eluted at the same position, while the combined digestion with HAase derived from Streptomyces hydumlyticus and HAase SD produces ADi-HA only. Therefore, the concentration of ADi-OS was estimated from the equation: values of ADi-OS and ADi-HA obtained from the digestion with CHase ABC minus that of ADi-HA obtained from the combined digestion with HAase derived from Streptomyces hydumLyticus and HAase SD. Moreover, chon- droitinase AC-I1 degrades CS into unsaturated disaccharides but does not degrade DS, while CHase ABC degrades DS to the unsaturated disaccharide of DS (ADi-DS), which has the same structure as the unsaturated disaccharide of chondroitin-4-sulfate (ADi-4S) (Hiyama and Okada, 1975) . Therefore, the concentration of DS (ADi-DS) was estimated by the following equation: values of ADi-DS and ADi-4S obtained from digestion with CHase ABC minus that of ADi-4S determined by digestion with chondroitinase AC-11.
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Results
Histochemistry
Light Microscopy. The present study examined HA stainability in sections without fixation and those fixed with acetic acid-ethanol, 2% paraformaldehyde, and 2% paraformaldehyde-2% glutaraldehyde.
In the unfixed sections (data not shown) and the fixed sections with acetic acid-ethanol or 2% paraformaldehyde (data not shown), reaction products for HA were weakly localized in lamina splendens, the peri-and intercellular matrices of the superficial zone, and the pericellular matrix of the deeper zones (Figure la ). In these sections staining for HA was not detected in the extracellular matrix of the first half of the middle zone and in chondrocytes of all zones. By treatment with trypsin or CHase ABC before the HA staining, reaction products for HA decreased or disappeared in all zones (Figures 1b and IC) .
In sections fixed with 2% paraformaldehyde-2% glutaraldehyde, positive products for HA were seen only in lamina splendens and in chondrocytes located in the superficial and middle zones (Figures 2a-2c) , whereas faint or no staining of HA was detected in the deep zone (Figure 2d ). By pre-treatment with trypsin, positive staining for HA distinctly appeared in the pericellular matrix located in the middle and deep zones, becoming more intense corresponding to the depth from the articular surface (Figure 3a) . HA staining in the intercellular matrix was also enhanced in the middle zone (Figure 3a ). However, HA staining was not enhanced in the superficial zone after pre-treatment with trypsin ( Figure 3a) . Moreover, pre-treatment with CHase ABC enhanced HA staining in the peri-and intercellular matrices of the superficial and middle zones, but the stainability was weak in the deeper zone (Figure 
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GA 4 -c 3b). When a combined pre-treatment with trypsin and CHase ABC was applied to the sections. no staining of HA was shown in the tissue (Figure 3c ). In control sections prc-treated with HAasc followed or not followed by trypsin or CHase ABC, no staining for HA was detected (Figures 4a-4c ).
Electron Microscopy. By the post-embedding method. gold particles indicating HA were localized in vacuolar structures of chondrocytcs ( Figure 5a ). whereas they were demonstrated along the cell surface and in electron-lucent structures of the pericellular matrix. which included fibrilar structures in the lacunae ( Figure Jb) . In the intercellular matrix. gold particles showing HA were localized in electron-lucent collagen-like structures (Figure 5c ). By electron microscopy with the prc-embedding method, HA-positive deposits were detected along the cell surface and in the pericellular matrix (Figure 6a ). In the surface region of the cartilage, HApositiw staining was localized in the transition between lamina splendens and collagen fibrilar bundles of the superficial zone and in the interfibrilar space of the extracellular matrix (Figure 6b ).
By pre-treatment with HAase followed by CHasc ABC, no staining was detected in the sections.
Image Analysis. The area density of HA-positive products in articular cartilage was analyzed with the image analyzer. In scctions prc-treated with trypsin. the highest value of density was dctected in the deep zone, whereas the density peaked in the middle zone. when sections pre-treated with CHasc ABC were analyzed (Table 1 ). The average of the density values obtained by measuring sections pre-treated with trypsin and CHasc ABC was highest in the middle zone (Table 1) .
Trypsin HAase
CHase HAase
Biochemistry Microbiochemistry of GAGS. The mean concentrations of each GAG mamincd are shown in Table 2 . The major components of GAGS in human articular cartilage were CS and KS. The mean concentrations of CS and KS were significantly higher in the deep than in the superficial zones (p<0.05 for each comparison). The concentration of CS was also quite high in the middle zone. The mean concentration of HA was significantly higher in the middle than in the superficial zones (p<0.05). The mean concentration of DS was relatively high in the middle zone. but no statistical significance was discerned.
GAGS in Cartilage After Enzymatic Treatmenu. The conccntrations of digested GAGS in cartilage slices after enzymatic treatments were analyzed in both the digested tissue and the reaction media (Table 3) . By trypsin treatment, HA was not detected in the medium, whereas 67.3% of the CS concentration was lost from the tissue. On the other hand, by CHase ABC treatment, 70.1% of HA and 39.0% of CS concentrations were lost from the tissue. By combined treatment with trypsin and CHase ABC. 84.2% of HA and 91.7% of CS concentrations were lost from the tissue.
Discussion
According to our previous study (Asari et al., 1992a) . the stainability for HA in articularcartilagcof the rabbit tibia differed depending on the fixatives used. This result is consistent with the present result using human articular cartilage. The most intense staining of HA was also demonstrated in sections of human articular cartilage. which were fixed with 2% paraformaldchyde-2% glutaraldehyde and pre-treated with trypsin or CHase ABC, as has been shown in rabbit tibia (Asari et al., 1992) .
In the present study, the HA staining in the fixed sections was strongly enhanced in the extracellular matrix of all zones, especially in that of the middle zone after enzymatic pre-treatment with trypsin or CHase ABC; intense staining of HA was shown in the deeper middle and deep zones after trypsin and in the superficial and middle zones after CHase ABC (Figure 3 ; Table 1 ). This agrees with the present microbiochemical results showing that the HA concentration was highest in the middle zone. Moreover, when cartilage tissue fixed with 2 % paraformaldehyde-2% glutaraldehyde was digested with trypsin, almost no HA was detected in the reaction medium, and 67.3% of the total CS content in cartilage was digested. Trypsin has been shown to cleave PGs at the position between the HA-binding region and the KS-rich region (Heineghrd and Hascall, 1974) . These events may explain why the HA staining was well localized in the deeper zone after pre-treatment with trypsin, when considering the present microbiochemical results that concentrations of CS and KS were high in the deeper zone. By the digestion study of the fixed sections, 70.1% of HA and 39% of CS in the tissue was digested with CHase ABC and found in the reaction medium. At present, it remains unknown why the HA staining was increased in the superficial and the middle zones after CHase pre-treatment. However, considering the fact that the enhanced stainability for HA in these fixed sections was completely abolished by pre-treatment with HAase, it is certain that its stainability after pre-treatment with trypsin or CHase ABC represents the true presence in the tissue. From these results, it is suggested that HA in the exuacellular matrix of each zone is largely masked by PGs.
In our previous study, combined pre-treatment with trypsin and CHase ABC enhanced the HA staining in the pericellular matrix of all zones (Asari et al., 1992a) . In the present study, however, the HA staining was completely abolished in all zones after combined pre-treatment with trypsin and CHase ABC. Moreover, we have previously shown that periodic deposits of HA are seen on collagen fibers in rabbit articular cartilage, indicating that PG aggregates may associate with collagen fibers at HA molecules (Asari et al., 1992a) . Up until now, the association of PG aggregates with collagen fibers via HA molecules has been demonstrated in bovine articular cartilage (Poole et al., 1982) . The present study, however, could not find periodic staining of HA on collagen fibers in human articular cartilage by the pre-embedding method, although gold particles indicating HA were detected on collagen fiber-like electron-lucent structures in the peri-and intercellular matrices by the post-embedding method. From these light and electron microscopic results, it seems likely that the association of HA molecules as PG aggregates with collagen fibers differs between the extracellular matrices of human and rabbit articular cartilages.
It has been shown that the amount of CS is highest in the middle zone of human articular cartilage, whereas KS increases progressively through the depth (Bayliss et al., 1983) . The present microbiochemical study demonstrated that concentrations of CS and KS are maximal in the deep zone and minimal in the superficial zone, although that of CS is quite high in the middle zone where HA and DS are highly concentrated. The microbiochemical method used in the present study directly measured saturated or unsaturated disaccharides to determine the amount of HA, CS, DS, and KS in human articular cartilage. The difference in the distribution of CS in the cartilage between the results of Bayliss et al. (1983) and ours may be attributed to differences in the methods used and the ages of the subjects. Moreover, according to our previous study (Asari et al., 1992a) , the HA concentration is highest in the superficial zone of rabbit articular cartilage, indicating a difference in the distribution of HA between human and rabbit articular cartilages.
Using HABR as a histochemical probe for HA, HA has been shown to be localized in Various tissues and cells (Asari et al., 1992a,b; Ripellino et al., 1988) . In the present study, gold particles indicating HA were detected in vacuolar structures of chondrocytes. Until recently, the synthetic pathway of HA has been shown to differ depending on the cell type (Prehm and Mausolf, 1989; Goldberg and Toole, 1983; Prehm, 1983; Mitchell and Hardingham, 1982) . At present, it remains unknown whether the localization of HA in vacuolar structures of chondrocytes indicates the process of its secretory pathway or endocytosis. Further study is required to define the synthetic process of HA in chondrocytes.
From the results mentioned above, it is inferred that the distribution of HA and DS is highest in the middle zone of human articular cartilage, whereas that of CS and KS is highest in the deep zone. The histochemical demonstration of HA using biotinylated HABR requires the use of cartilage tissue sections fixed with 2% paraformaldehyde-2 % glutaraldehyde and pre-treated with trypsin or CHase ABC. The results suggest that HA molecules in articular cartilage are largely masked by PGs. In comparison with our previous study on rabbit articular cartilage, distinct differences are noted in HA concentration in each zone, HA staining after enzymatic digestion, and electron microscopic localization of HA in the extracellular matrix. These differences suggest that the association of HA molecules as PG aggregates with collagen fibers is different in human and rabbit articular cartilage. 
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